We examlned the distribution and abundance of the hyperbenthos in tidepools on a rocky shore, near Halifax, Nova Scotia, Canada, at approximately monthly intervals between March and November 1991, and between April and June 1992. We sampled 4 pools at each of 3 intertidal heights: mid and high intertidal and splash zones. Additional samples were taken at the sea surface for comparison. Calanoid and harpacticoid copepods, cladocerans, forarniniferans, nematodes and rotifers were the most abundant groups within our samples. Significant differences in the abundance of these groups among zones were detected on only 5 out of 12 sampling dates. Total hyperbenthos, as well as calanoid and harpacticoid copepods, nematodes and rotifers, generally were more abundant in the high and/or the splash pools. The abundance of total hyperbenthos varied significantly among pools within zones from May to October 1991 and in June 1992. Significant differences in abundance among pools within zones were also detected for harpacticoid copepods and nematodes on 3 sampling dates, for calanoid copepods and rotifers on 5 s a m p h g dates, and for cladocerans and foraminiferans on 2 sampling dates. In most cases, the significant variability in abundance among pools arose within the high intertidal or the splash zones. Over the entire sampling period, the diversity of fauna1 groups was lower in the splash pools, possibly as a result of harsh conditions in these pools. The few groups that survived in these high pools, such as rotifers and the calanoid copepod Eurytemora affinis, reached densities of up to 106 ind. m-3. Dominant populations may be established in particular pools by founder effects and persist due to low flushing rates. Thus, variability among pools in the high intertidal and splash zones may exceed that observed among pools in lower intertidal zones.
INTRODUCTION
Among the motile benthos of the emergent substrata of intertidal rocky shores are meio-and macrofauna, such as harpacticoid copepods, amphipods and polychaetes, which swim during submergence but attach to the substratum or to macroalgae during emergence (Hawkins & Hartnoll 1983 , Hicks & Coull 1983 , Dean & Connell 1987a , b, Johnson & Scheibling 1987 , Gibbons 1988 , Janke 1990 ). In tidepools, these animals are continuously submerged and can actively swim and feed during their entire cycle. Tidepools also are microhabitats for zooplankton such as calanoid copepods or cladocerans, which feed only in the water column, spend most of their time swimming and are not found on the emergent rocks (Fraser 1936 , Naylor & Slinn 1958 , Ganning 1971 , Goss-Custard et al. 1979 , Preston & Moore 1988 , Metaxas & Scheibling 1993 . Some groups, such as amphipods, may be present in constant abundance in pools throughout the year (Femino & Mathieson 1980 , but see Ganning 1971 , while others, such as harpacticoid copepods, show large seasonal variations in abundance (Goss-Custard et al. 1979) . The abundance of motile fauna also may vary with increasing intertidal height of the tidepools (Metaxas & Scheibling 1993) . For example, harpacticoid copepods are generally more abundant in tidepools located high on the shore (Fraser 1936 , Dethier 1980 , whereas calanoid copepods and amphipods are more abundant in tidepools located lower on the shore (Fraser 1936 , Ganning 1971 , Femino & Mathieson 1980 In this study, we examined spatial and temporal patterns of the horizontal and vertical distribution and abundance of the motile fauna or 'hyperbenthos' (sensu Beyer 1958 , as cited in Sibert 1981 of tidepools in each of 3 intertidal zones (mid, high, splash) on a rocky shore in Nova Scotia, Canada. We compared the variability in abundance, over a 15 mo period, among tidepools within the same zone to the variability among zones and at the sea surface. These patterns of 30 August 1993, when wave height was ca 1 m and it variation are discussed in relation to differences in was not raining. Flushing rate was highly variable tidal input and physical conditions among zones and among pools in each zone but decreased on average provide a basis for further studies of the mechanisms with increasing tidal height (Table 1 ). Mean flushing regulating the structure and dynamics of this poorly rate was similar for both measurements in the mid and known fauna1 assemblage of tidepools. high zones, but was higher on the first measurement in the splash zone due to increased dilution by waves and rain (Table 1) .
MATERIALS AND METHODS
In each tidepool, 2 samples of hyperbenthic fauna were collected by hand-pumping 5 1 of seawater from Four tidepools, at each of 3 zones (mid, high and 10 to 20 cm above the bottom of the tidepool (sedisplash, determined by the isolation period of the ment/water interface, approximately the mid depth of tidepools; see below) along the intertidal gradient, the pools) through a 60 I.lm net. The net was then were sampled at approximately monthly intervals rinsed into a container and the sample fixed with 4 % between March and November 1991, and between buffered formaldehyde. Two other samples were April and June 1992, at Cranberry Cove, Nova Scotia collected similarly at the sea surface at each of 2 loca-(44O28' N, 63"56' W). The pools were irregularly tions along the shore separated by approximately shaped with the maximum dimension ranging from 250 m. The fauna were identified to the lowest taxo-2 to 14 m and maximum depth ranging from 0.21 to nomic level possible (see Appendix 1) according to 0.75 m. Surface area ranged from 0.68 to 24.23 m2 Smith (1964) , Brinkhurst et al. (1976) , Barnes (1980) and water volume ranged from 0.2 to 7.3 rn3. The and Gardner & Szabo (1982) and enumerated using a period of isolation of each tidepool was measured by Leitz Labovert inverted microscope. recording the period between tidal recession and sub-
The fauna were assigned to the following taxonomic sequent tidal input (including spray) on 17 occasions groups: amphipods, barnacle nauplii, calanoid cope-(in June 1990 and at approximately monthly intervals pods, cladocerans, cyclopoid copepods, foraminiferans, between March 1991 and November 1992). The isola-harpacticoid copepods, isopods, mites, nematodes, tion period ranged from 3 to 8 h in the pools in the mid ostracods, polychaetes and rotifers. Taxonomic groups zone and from 10 to 12 h in the pools of the high zone with abundances > 25% of the total abundance of the (Table 1 ). The height above chart datum of each tide-hyperbenthic fauna in any one pool, during at least 2 out pool was measured using a transit level in July 1991 of the 12 sampling dates, were selected for statistical and 1992 and ranged from 1.1 to 2.3 m for the pools in analyses. For each sampling date, differences in abunthe mid zone, from 2.5 to 3 m for pools in the high zone, dance of each selected taxonomic group were examined and from 2.8 to 4.5 m for pools in the splash zone among intertidal zones and among pools within zones (Table 1) . Flushing rate was determined as the percent using 2-factor nested analyses of variance. The effect of decrease in the concentration of a fluorescent red dye the nested factor (pool) was further examined within (Rhodamine B, Sigmaa Chemicals), added to the tide-each zone (mid, high and splash). pools in a solution of known concentration over the The Shannon Diversity Index (H') was calculated period between low and high tide. Flushing rate was fo; each tidepool, for each sampling date, as H' = measured on 2 occasions: 9 July 1992, when wave -P, InP,, where Pi is the proportion of the ith taxoheight was 2 to 3 m and it was raining lightly, and n&ic group in each tidepool. The lowest possible identification levels that were used as taxonomic groups to calculate H' varied among groups: harpacticoid copepods were assigned to planktonic (e.g. Microsetella rosea) and benthic (all others) groups; calanoid and cyclopoid copepods, rotifers and cladocerans were identified to genus; iso.pods and amphipods were identified to species; and nematodes, foraminiferans, mites, polychaetes, ostracods and pycnogonids were not identified to any lower taxonomic level. Since the level of identification was consistent across all pools in all zones, the calculated index is used primarily as a comparative measure. H' was calculated for each pool using the average abundance of each taxononlic group for the 2 samples. Differences in the diversity index among intertidal zones were exanlined using a 2-factor (zone and time) analysis of variance. For all statistical analyses, the data were ln(x+l)transformed where heterogeneity of variance was detected using Cochran's test. A posterior1 multiple comparisons of treatment means were done using Student-Newman-Keuls (SNK) tests. All statistical analyses were carried out using SYSTAT v. 5.1 (Wilkinson 1989) on a Macintosh SE 30 computer.
RESULTS
The abundance of 6 taxonomic groups was >25 % of total abundance in any one tidepool on any 2 sampling dates: harpacticoid copepodites and nauplii (Families Harpacticidae, Tisbidae, Thalestridae, Diosaccidae); calanoid copepodites and nauplii (the genera Acartia, Calanus, Paracalanus, Pseudocalanus and Temora at the sea surface and in the mid pools, and Eurytemora affinis in the splash pools); marine cladocerans (Podon polyphernoides and Evadne nordmanii); foraminiferans; marine rotifers (the genera Brachionus and Synchaeta); and nematodes (Appendix 1). Generally, the abundance of total hyperbenthos in the tidepools was low (< 103 ind, m-" in early spring 1991 (March to May), increased in summer (up to 107 ind.
in the splash pools), decreased after October 1991, remained low through spring 1992, and increased again in summer 1992 (Fig. 1 ). The temporal trend in abundance in tidepools was similar to that observed at the sea surface. Temporal changes in the abundance of harpacticoid copepods and nematodes were similar to those observed for total hyperbenthos, both at the sea surface and in the pools (Figs. 2 & 3) . The abundance of calanoid copepods was low at the sea surface and in the mid and high pools (<103 ind, m-3), and no pronounced temporal fluctuations were observed (Fig. 4) . The abundance of this group was largest (104 to 105 ind. m-3) in the splash pools where it peaked in summer 1991 and 1992. Similarly, rotifers were present in low abundance (< 1000 ind. m-3) at the sea surface and in the mid pools in July and August 1992, but were abundant in the high and splash pools in summer 1991 and 1992 (up to 106 ind. m-3) ( Fig. 5 ). Cladocerans and foraminiferans were rare to absent at the sea surface and in tidepools for most of the year and no distinct temporal changes were observed. Pulses in abundance of these 2 groups were observed in some high and splash pools in late summer and late fall 1991 or early spring 1992, and at those times one or the other group made up > 25 % of the hyperbenthic fauna in the pool
The abundance of the different taxonomic groups of the hyperbenthos varied among intertidal zones only on 4 out of 12 sampling dates ( Table 2 ). The abundance of total hyperbenthos was significantly different among zones in June 1991, July 1991, September 1991 and May 1992. Total hyperbenthos was significantly more abundant in splash pools than in mid pools in June 1991, in splash pools than in mid and high pools in July 1991, in splash pools than in high pools but not mid pools in September 1991, and in high pools than in mid pools but not splash pools in May 1992 (SNK tests, p 0.05). Harpacticoid and calanoid copepods were significantly more abundant in high pools than in mid and splash pools in May 1992 (SNK tests, p 0.05).
Nematodes were significantly more abundant in splash pools than in mid pools in July 1991 (SNK test, p < 0.05). Rotifers were significantly more abundant in splash pools than in mid pools in August 1991, and significantly more abundant in splash and high pools than in mid pools in September 1991 (SNK tests, p < 0.05).
The abundance of most taxonomic groups of the hyperbenthos varied significantly among tidepools within intertidal zones ( Table 2 ). The abundance of total hyperbenthos varied significantly among splash pools from May to October 1991 and in June 1992, among high pools in June 1991 and 1992, and among mid pools in June and September 1991. The abundance of harpacticoid copepods varied significantly among tidepools in the high zone in June, July and October 1991. Harpacticoid copepods also showed a significant pool effect in the high zone in September 1991, although the combined pool effect for all zones was not significant. The abundance of nematodes varied significantly among pools in all zones in June 1991. Nematode abundance also varied significantly among mid pools in September 1991 and among splash pools in July 1992, although the combined pool effect for all zones was not significant at these times. The abundance of calanoid copepods varied significantly The abundance of marine cladocerans varied significantly among splash pools in May 1992. Cladoceran abundance also differed significantly among high pools in October 1991 although the combined pool effect for all zones was not significant. The abundance of foraminiferans was significantly different among mid pools in June 1991 and, although the combined pool effect was not significant, the abundance of this group varied significantly among high pools in May 1992.
The Shannon Diversity Index (H') varied significantly among zones (Fzlo8 = 12.028, p i 0.001) and over time (F11,108 = 2.841, p < 0.01) (Fig. 8A) , and there was no significant interaction between zone and time effects on H' = 0.962, p > 0.05). H' was significantly smaller in splash pools than in mid and high pools (SNK test, p < 0.05). There were no consistent temporal trends in H' in the tidepools (Fig. 8B) . At the sea surface, diversity increased between March and October 1991, decreased after October and started increasing again after April 1992.
DISCUSSION
The major components of the hyperbenthos in this study represented different functional groups. Cala- noid copepods and cladocerans filter feed in the water column and spend most of their time swimming. Rotifers become attached to hard surfaces but filter feed in the water column. Harpacticoid copepods, nematodes and foraminiferans feed on hard surfaces and spend less time swimming than calanoid copepods and cladocerans. Most of these groups generally showed temporal patterns of abundance that suggest seasonality, increasing between late spring and late summer of both years with increasing water temperature, and decreasing in the late fall and over the winter 1991, both at the sea surface and in the tidepools. The diversity also tended to increase from early spring to midsummer of both years as the different taxa became progressively more abundant, and was smaller in the late fall and early winter with decreasing fauna1 abundance.
The hyperbenthos of tidepools can be assigned to 3 categories based on temporal patterns in their abundance in tidepools relative to the sea surface. Harpacticoid copepods and nematodes showed temporal changes in abundance that were similar at the sea surface and in the pools, suggesting that their abundance in tidepools was determined either by tidal input or by the same factors as in the surrounding seawater. Calanoid copepods and rotifers were present in low abundance and showed no temporal fluctuations at the sea surface or in the mid and high pools, but were abundant in summer of both years and early fall 1991 in the splash pools. The abundance of these 2 groups in splash pools, therefore, was not set by daily tidal input and may have been determined by founder effects or competitive exclusion. Cladocerans and foraminiferans showed pulses in abundance in the tidepools in the late summer and early fall 1991. In late summer, these pulses corresponded to pulses at the sea surface, suggesting that they reflected tidal input. In late fall, however, the pulses in the tidepools were not associated with changes in abundance of these groups at the sea surface and, therefore, were independent of tidal input. The number of taxonomic groups of hyperbenthos decreased with a decrease in flushing rate of the pools. For example, 5 genera of calanoid copepods (Acartia, Calanus, Pseudocalanus, Paracalanus, Temora) were found in mid and high pools, whereas Eurytemora affinis was the only species of calanoid copepod found in splash pools. Other studies also have shown that macroalgal and macroinvertebrate species diversity decreases in tidepools with increasing intertidal height (Gustavsson 1972 , Fenlino & Mathieson 1980 , Huggett & Gnffiths 1986 , Lawrence & McClintock 1987 , Wolfe & Harlin 1988 , Kooistra et al. 1989 . Decreased diversity in pools that are located high on the shore may be due to increased physiological stress during extended periods of isolation from tidal input. This can result in low food abundance, high temperature and increased salinity due to evaporation in summer, and freezing and increased salinity in winter. Such adverse conditions can constrain a number of organisms to pools that are located lower on the shore, and receive regular tidal input that resets the physical environment. The fauna of pools in the high intertidal and splash zones, therefore, may be restricted to those taxonomic groups that can withstand the extreme variations in physical conditions. The abundance of the total hyperbenthos differed significantly among intertidal zones only on 4 sampling dates. On 3 of those dates, abundance was greatest in splash pools, and on the other, abundance was greatest in the high pools (although they were not statistically different from splash pools). In particular, the abundance of calanoid and harpacticoid copepods, nematodes and rotifers was greater in high and/or splash pools on 1 or 2 sampling dates. These results are in partial agreement with previous studies. Fraser (1936) , Ganning (1971) and Dethier (1980) showed that the abundance of harpacticoid copepods increases in tidepools of increasing intertidal height. However, Fraser (1936) found that the abundance of calanoid copepods decreased in the higher intertidal zones in pools on the Isle of Man, UK. This was not the case in our study mainly because a large population of Eurytemora affinis occu-pied one of the splash pools and was particularly abundant in summer of both years. To our knowledge, the only record of rotifers in tidepools was provided by Ganning (1971) who found these organisms in one of the lower pools in his study (probably similar to our mid pools) and in a higher pool in midsummer.
The small number of significant zone effects on the abundance of hyperbenthos can be explained by the large variability among tidepools within each zone. We detected significant pool effects for most groups on most sampling dates particularly among high or splash pools. For example, the abundance of harpacticoid copepods in 2 of the high pools was consistently less than in the other 2. The calanoid copepod Eurytemora affinis and rotifers each reached abundances in the order of 106 ind. m-3 in 1 splash pool but were virtually absent in all 3 other pools. A pulse in the abundance of cladocerans occurred only in 1 pool (but on different dates) in both the high intertidal and the splash zones. Similarly, different pulses in the abundance of foraminiferans occurred only in 1 pool both in the mid and the high intertidal zones.
Despite harsh physical conditions, splash pools harbour populations of certain tolerant groups of organisms with densities of up to 3 orders of magnitude higher than at the sea surface. The dominant species vary among splash pools but the populations are persistent in the particular pools between years. The populations that inhabit splash pools are probably endemic and do not depend upon tidal input to become re-established every year. Furthermore, the low flushing frequency in the high and splash pools may enable the persistence of these populations which may become diluted or replaced in tidepools lower on the shore. Although the abundance of hyperbenthos in tidepools does not show a consistent zonation along the intertidal gradient, variability in abundance increases among pools with increasing intertidal height. The variability in the dominant taxa among splash pools may be the result of a founder effect early in the establishment of tidepool communities. Alternatively, it may reflect variability in local environmental conditions which favour different competitively dominant taxa in different tidepools.
